We have undertaken a test-re-test [
0 max variations, evaluated with a partialsaturation injection protocol, were similarly observed in patients and controls, suggesting a physiological modulation of BZD receptors. Five patients (50%), but no controls, also demonstrated clinically significant test-re-test FMZ-PET variations in the mesial temporal region. This was observed in all three patients with MTE and no hippocampal atrophy in whom only the PET study associated with the shortest IP correctly identified the epileptogenic zone. Statistical analysis revealed a significant effect of IP duration on BZD receptor B 0 max in MTE patients, suggesting that the shorter the IP, the lower the B 0 max in the epileptogenic hippocampus. FMZ-PET appears to be an interesting tool for investigating both normal and abnormal short-term modulations of the BZD receptor system, and should ideally be performed within a few days following a seizure in patients with MTE and a normal MRI.
Introduction [ 11 C]Flumazenil (FMZ) and PET have been used for more than a decade to study benzodiazepine (BZD) receptors in epileptic patients (Savic et al., 1988) , as well as in various neurological disorders, partly based on the assumption that BZD receptor density offers a reliable marker of neuronal loss (Henry et al., 1993; Sette et al., 1993; Heiss et al., 2000) . As a matter of fact, decreased [ 11 C]FMZ binding was consistenly observed in the atrophic hippocampus in temporal lobe epilepsy (TLE) (Savic et al., 1993; Koepp et al., 1996; Debets et al., 1997; Ryvlin et al., 1998) , and was found to correlate with autoradiographic measurements of [ 3 H]FMZ binding performed on surgically removed tissue (Koepp et al., 1998) . Correlations were also reported between in vitro [ 3 H]FMZ binding and neuronal cell count in human epileptogenic hippocampi (Burdette et al., 1995) . However, these correlations were not replicated when in vivo PET measurement of [ 11 C]FMZ distribution volume was compared directly with the histologically assessed neuronal loss (Koepp et al., 1997) , suggesting that part of the FMZ-PET abnormalities observed in epileptic patients might reflect functional changes of BZD receptors. In epileptic patients, the extent of FMZ-PET abnormalities was found to correlate positively with seizure frequency (Savic et al., 1996) , whereas a normalization of such abnormalities was observed after successful epilepsy surgery in non-resected brain regions corresponding to projection areas of the epileptogenic zone (Savic et al., 1998) . A focal increase in FMZ binding has also been reported in patients with cryptogenic neocortical epilepsy, suggesting an upregulation of BZD receptors (Hammers et al., 2003) . Finally, we and others have observed falsely lateralizing mesial temporal FMZ-PET asymmetries in some patients with TLE and no hippocampal atrophy (Ryvlin et al., 1998; Koepp et al., 2000) , suggesting either a downregulation of BZD receptors contralateral to seizure onset or an ipsilateral upregulation. These abnormalities spontaneously resolved in two of our patients who underwent a second FMZ-PET study 3 months after the first investigation (Ryvlin et al., 1999) . Overall, long-term functional changes of the human BZD receptor system, which might occur over a period of a few months, appear to be a likely phenomenon in human partial epilepsy. In addition, experimental data suggest the possibility of seizure-induced short-term plasticity of BZD receptors (McNamara et al., 1980; Valdes et al., 1982; Shin et al., 1985; Nobrega et al., 1989; Schmitz et al., 1991; Rocha et al., 1994) . Whether patients with partial epilepsy exhibit comparable short-term BZD receptor changes, over days or weeks, as well as the magnitude and clinical significance of such variations remain unknown.
These issues have two major impacts: first, they question the clinical reliability of FMZ-PET investigations in the presurgical evaluation of drug-resistant partial epilepsy (Ryvlin et al., 1999; Koepp et al., 2000; Hammers et al., 2002) ; and, secondly, they might offer new insights into the pathophysiology of human epilepsy, and the physiological role of the BZD allosteric site of GABA A receptors.
In order to evaluate the possibility of physiological and seizure-induced short-term fluctuations of FMZ binding in humans, we have undertaken a prospective test-re-test PET study in 10 patients and 10 matched normal subjects, who underwent two FMZ-PET investigations at a 1 week interval.
Material and methods Patients
Ten epileptic patients suffering from refractory partial seizures were included in this study prospectively. They were selected over a period of 20 months from among a group of patients undergoing long-term video-EEG monitoring in our epilepsy surgery unit according to the following criteria: (i) no barbiturate, vigabatrin or tiagabine treatment during the 2 months, and no BZD during the 2 weeks preceding the study, in order to avoid major therapeutic interference with the BZD and GABAergic systems; (ii) patients gave their informed consent to participate in this study; and (iii) on the day preceding the first FMZ-PET, we judged that it was clinically appropriate to proceed to another week of video-EEG monitoring without tapering medication, in order to ensure a stable drug regimen between the two PET scans. According to French legislation, the study was approved by the local ethics committee.
Clinical data are presented in Table 1 . Four men and six women (mean age 6 SD: 35.4 6 10.5 years) participated in the study. The mean age at onset of epilepsy was 9 years (range: 1-16) and the mean duration of epilepsy prior to PET examination was 26 years (range: 5-37). All patients underwent a pre-surgical evaluation, including a long-term video-EEG monitoring during which the two FMZ-PET investigations and an MRI were performed. In addition, six patients subsequently benefited from an intra-cranial EEG investigation.
Control subjects
Ten normal individuals were selected in order to match each of our patients on an individual basis, with respect to gender and age. Accordingly, there were four men and six women (mean age 6 SD: 36 6 9.5 years), whose age never differed by >4 years from that of their corresponding patient. All control subjects were free of BZD, barbiturate or any other anti-epileptic treatment.
Video-EEG monitoring
Long-term video-EEG monitoring lasted from 2 to 3 weeks, during which seizures were counted precisely. It was started at least 6 days before the first FMZ-PET study, and ran at least until the second PET investigation. Patients were recorded 5 days a week from 8.30 a.m. to 4.30 p.m. (8 h) and three nights a week from 9.30 p.m. to 6.30 a.m. (9 h). Recordings were stopped during the weekends, but patients stayed under medical control in the neurological ward of our institution, enabling the medical staff to be aware of any seizures occurring, either observed by proxy or recollected by the patient.
MRI
MRI was performed on a 1.5 T device (Magnetom 63SP; Siemens, Erlangen, Germany). A 3D mpr T1 sequence [TR (repetition time) 9.7 ms, TE (echo time) 4 ms], providing 1 mm thick slices, a spin echo T2 sequence (TR 2260 ms, TE 45 and 90 ms) parallel to the hippocampal plane, as well as a turbo-spin echo T2 sequence (TR 3000 ms, TE 16 and 98 ms) perpendicular to the bihippocampal plane, were acquired.
The two FMZ-PET studies were performed in every subject at exactly a 1 week interval, at around 10 a.m. FMZ (RO15-1788) was labelled with 11 C, using the methylation process described by Mazière et al. (1984) . We used a high resolution tomograph (Exact ECAT HR+ , Siemens, Erlangen, Germany), allowing a dynamic 3D acquisition and providing 12 consecutive frames of 63 contiguous 2.42 mm thick slices, with an isotropic spatial resolution near 5 mm 3 FWHM (full width at half-maximum) measured with 18 F according to the NEMA protocol (Brix et al., 1997) . A thermolabile plastic face mask ensured the stable position of the head in the scanner gantry. Attenuation correction was measured in each individual using a 68 Ge transmission scan. We used a partial saturation protocol consisting of a single intravenous injection of a mixture of 5 mCi of [ 11 C]FMZ and 0.01 mg/kg of unlabelled FMZ, followed by a 55 min acquisition of the emission data. As described by Delforge et al. (1995 Delforge et al. ( , 1996 Delforge et al. ( , 1997 , this single injection allows the calculation of B 0 max parametric images without arterial blood sampling.
PET data analysis

Co-registration of PET and MRI data
The two PET acquisition series (12 scans) were co-registered with the Woods criteria (Woods et al., 1993) implemented in a home-made program (ACTIVIS, Cognitive Science Institute, Bron, France). Target and object images were the summed frames 8-12 (corresponding to the acquisition period from 20 to 55 min post-injection) of the first (Biomedical Imaging Resource, Mayo Foundation, Rochester, MN) , and by visually comparing the two sets of printed PET images obtained in each individual. In addition, we evaluated the anatomical matching of pontine and hippocampal regions of interest (ROIs) placed on MRIs and subsequently transferred on the corresponding FMZ-PET slices, provided that both the pons and the hippocampus can be easily identified on FMZ-PET images. Overall, the quality of the co-registration procedure and of MRI-guided placement of ROIs on FMZ-PET images proved satisfactory in all cases.
Calculation of B 0 max parametric images Circular ROIs, 10 mm in diameter, were first placed over the midportion of the pons, on the 7-9 consecutive MRI slices displaying that structure, the latter being considered as an adequate reference for the calculation of the non-specific FMZ binding (Delforge et al., 1995) . These ROI's were then transferred onto the corresponding FMZ-PET slices. In addition, a single circular ROI, 15 mm in diameter, was directly placed onto the PET volume, over the occipital cortex which usually displays a high concentration of BZD receptors. A partialsaturation model, previously validated (Delforge et al., 1997) , was then applied to obtain B 
Visual analysis of focal B 0 max test-re-test variations
The previously reconstructed 6 mm thick axial slices and 5 mm thick coronal images were printed on high quality A4 colour paper to display the entire brain on a single sheet. B 0 max data from the two PET studies performed in each patient were printed separately, but using an identical colour scale, taking advantage of the whole brain activity ratio calculated between the two PET studies. The printed PET images were labelled anonymously and placed in a random order, then qualitatively reviewed by two independent PET experts blinded to all other data. These investigators were asked to report the precise anatomical location of visually significant abnormalities. Ultimately, the two experts met and agreed on a final consensual report for their only two discrepancies. Except for patient 6 who presented with a post-traumatic lesion easily identifiable on PET images, investigators could not readily match the two PET images from the same individual during this reviewing process. Therefore, a bias in the visual analysis of PET data related to the recognition of a previously assessed brain was unlikely.
ROI-assessed quantitative analysis of hippocampal B 0 max variations
This analysis was prompted by the results of our visual assessment of PET data, showing that short-term focal changes of BZD receptors were most frequently observed in the mesial temporal structures. It was performed by an investigator blinded to all other data. We manually traced an anatomical ROI over the hippocampus using the 6 mm thick hippocampal-oriented MRI which best displayed that structure. In order to reduce the subjective bias related to the manual tracing and the partial volume effect related to brain structures surrounding the hippocampus within the plane of interest, we placed four contiguous circular ROIs, 13 mm in diameter, centred within the anatomical ROI. We then transferred these ROIs on the FMZ-PET B Test-re-test flumazenil-PET in epilepsyStatistical analysis of whole brain and ROI-derived data
Hippocampal asymmetry index values of individual patients were considered as abnormal when varying by >2 SD from the mean control values. For this analysis, patients' PET 1 and PET 2 values were compared with those derived from the first and second PET of control subjects, respectively. In fact, since only minor test-re-test differences were observed in the hippocampal asymmetry index of normal individuals (see Table 2 ), all of the hippocampal abnormalities detected in individual patients proved significant, using either one or the other set of normal data (i.e. PET 1 or 2). We investigated a possible scan order effect by comparing the whole brain B We then investigated whether patients showed larger test-re-test changes of whole brain B 0 max and hippocampal test-re-test asymmetry variation index than controls, using the Student t test.
According to the result of this analysis, we then searched for seizure-related hippocampal B 0 max interscan variations. We first evaluated the duration of the interictal period (IP) preceding each PET study, and defined in each patient which of his two FMZ-PET evaluations was associated with the shortest IP. In order to ensure the reliability of these data, we only considered seizures which occurred once the patients were hospitalized in our epilepsy surgery unit. Six patients did not experience a seizure during the 6 days separating the onset of the video-EEG monitoring from the first PET, including five subjects who presented one or several seizures during the week separating the two FMZ-PET scans, and one patient who only suffered seizures 2 days after the second PET study. Though we could not calculate precisely all IP durations in those patients, we could nevertheless ascertain which of the two PET scans was associated with the shortest IP based on the available data (see Table 2 ). This was the rationale for not using the exact delay between PET and seizures, but the more robust information as to which of the two FMZ-PET scans was associated with the shortest IP, in all the following statistical analyses. We used a non-parametric test (Wilcoxon) to compare in each patient the hippocampal B 0 max values of the two FMZ-PET scans associated with the shortest and the longest IP, respectively.
This comparison was performed for the hippocampi ipsilateral and contralateral to seizure onset separately. Due to the heterogeneity of our population, we restricted this analysis to the subgroup of patients with mesiotemporal epilepsy (MTE). We therefore included data from the six patients whose ictal onset zone proved to be mesial temporal (patients 1, 2, 3, 5, 7 and 10), and excluded those from patients 4, 8 and 9, whose ictal onset zone was not well defined but most probably was heterogeneous and partly extra-temporal, as well as those of patient 6 who presented with an extensive left posterolateral temporal post-traumatic lesion and EEG focus. This analysis was carried out using either normalized or non-normalized hippocampal B SPM analysis of seizure-related focal B 0
max and variation
To evaluate further the possibility of seizure-related FMZ-PET changes in MTE, we performed a voxel-based analysis of covariance (ANCOVA) using SPM. Among the six patients with a mesiotemporal focus, four presented with a left-sided, and two with a right-sided ictal onset zone. As reported in previously published series (Bouilleret et al., 2002; Merlet et al., 2004) , we flipped the PET volumes of the two patients with a right TLE in order to pool the six unilateral TLE patients in the same analysis, where all epileptogenic zones appeared as being left temporal. Their six matched control subjects were also included in this analysis. Accordingly, we flipped the PET volume of the two control subjects who matched the two right TLE patients. The IP classification, which depends on the delay between the PET and the last seizure, could not be applied directly in normal individuals. Thus, we opted to use in each control subject the same classification as that of their matched TLE patient. For example, in patient 1, the second PET study was associated with the shortest IP; likewise, the second PET of his matched control subject was also classified as the shortest IP scan. This procedure actually allowed us to control for a spurious scan order effect, related to the IP duration classification.
We restricted this SPM analysis to the epileptogenic hippocampus based on the following rationale: the small number of scans available for this analysis dramatically limited its statistical power using a whole brain approach and a correction for multiple comparisons. This problem could be partly circumscribed by narrowing the analysis to a much smaller number of voxels. Seizure-related changes of BZD receptors are expected to occur primarily within the epileptogenic zone. This hypothesis was supported by our previous observations of focal FMZ binding variations in TLE (Ryvlin et al., 1999) , and was confirmed by the visual and ROI-derived analyses previously performed in this study. The spatially normalized MRI data of all patients and controls were averaged and the boundaries of the hippocampus were manually outlined. The resulting selected volume of 462 voxels was applied as an inclusive mask onto the B Other pre-surgical and surgical procedures After the above-described protocol was completed and the electroclinical and imaging data reviewed, six patients underwent an intracranial EEG investigation (stereo-EEG) to ensure the localization of the ictal onset zone. In three TLE patients (patients 1, 2 and 10), stereo-EEG was primarily performed because of a strictly normal MRI. Intra-cranial EEG recordings were considered mandatory in patient 5 in whom an amygdalo-hippocampal radiosurgery was contemplated. In patient 7 with left TLE and early ictal speech disorders, stereo-EEG was performed in order to exclude a posterior temporal ictal onset zone, and to tailor the surgical resection with respect to Test-re-test flumazenil-PET in epilepsythe language area if necessary. None of these TLE patients were suspected to suffer from a bi-temporal focus. Conversely, patient 8 underwent a stereo-EEG with the hope of delineating a single focus within its bilateral perisylvian polymicrogyria. Seven patients had a surgical cure of their epilepsy; these comprised five anterior temporal lobectomies, one amygdalohippocampal radiosurgery followed by an anterior temporal lobectomy, and one callosotomy.
Results
Clinical data (see Table 1 )
Based on all available electroclinical and MRI data, we concluded that the ictal onset zone was: (i) mesial temporal in six patients (patients 1, 2, 3, 5, 7 and 10), half of whom presented with MRI signs of hippocampal sclerosis, and the other half with a normal MRI; (ii) postero-lateral temporal in patient 6 whose epilepsy was symptomatic of an extensive posttraumatic porencephalic lesion; (iii) bilateral temporooccipital with a left-sided predominance in patient 8 who suffers from a bilateral perisylvian polymicrogyria; and (iv) unlocalized, with a left-sided predominance of scalp-EEG abnormalities in the two remaining patients (patients 4 and 9) whose MRI was normal.
Regarding the MTE group, the origin of seizures was demonstrated by intra-cranial EEG recordings in five patients and appeared very likely in the sixth patient (patient 3) who presented with typical electroclinical features and MRI signs of mesial temporal sclerosis. Concerning patient 6, the left posterolateral temporal origin of seizures was suggested by the occurrence of aphasia as the first ictal sign, and a posterior temporal ictal onset on scalp-EEG recordings, consistent with the location of his post-traumatic lesion. Regarding patient 8, the bilateral temporo-occipital seizure onset with a left-sided predominance was evidenced by intra-cranial ictal EEG recordings. Finally, patients 4 and 9 presented no localizing clinical or scalp-EEG abnormality during their seizures, even though the ictal EEG discharge predominated over the left hemisphere.
The five TLE patients who underwent a standard anterior temporal lobectomy have all been seizure free since the operation, with a postoperative follow-up ranging from 21 to 45 months (32 6 11). Patient 5 who underwent an amygdalo-hippocampal radiosurgery has not significantly improved after 4 years of follow-up, and subsequently benefited from a successful anterior temporal lobectomy. Finally, the callosotomy performed in patient 8 was ineffective.
Altogether, we could reliably conclude that patients 1, 2, 3, 5, 7 and 10 suffered from MTE, whereas the other patients most probably presented another form of epilepsy.
Whole brain BZD receptor B
0 max test-re-test variation index (see Table 2 )
The whole brain B 0 max variation index between the two PET studies ranged from À29 to +13% (mean 6 SD = -3 6 12%) in patients, and from À6 to +23% (mean 6 SD = 5 6 9%) in normal subjects, and did not prove to be significantly different between the two populations. No scan order-or seizure-related effect was detected by non-parametric test, suggesting that these factors do not primarily account for the whole brain B 0 max test-re-test variations observed in this study.
Visual analysis of focal B
0 max test-re-test variations (see Table 2 )
All 10 patients demonstrated one or several areas of focal decreased B 0 max . Eight of these 10 patients showed visually detectable variations between the two FMZ-PET scans, that either affected part (n = 5) or all (n = 3) of the abnormalities observed on each individual scan. Among the three patients whose entire areas of focal decreased B 0 max were detected on only one of the two PET studies, two presented with abnormalities of opposite lateralization on their first and second evaluations, respectively (patients 9 and 10: Fig. 1 ), while the third patient (paient 1) had one of his two PET studies considered as normal (Fig. 2) .
The clinical impact of focal FMZ-PET test-re-test variations differed according to the type of epilepsy. In the three TLE patients with MRI signs of hippocampal sclerosis (patients 3, 5 and 7), the two PET studies consistently showed an ipsilateral mesial temporal decreased B 0 max , the magnitude of which varied between scans. The other test-re-test variations observed in these three patients consisted of focal abnormalities that were detected in only one of the two FMZ-PET scans, and which always affected brain regions ipsilateral to the ictal onset zone, such as the anterior temporal, the parietal or the temporo-occipital cortex, but also the hippocampus proper in one patient (Fig. 3) .
In the three TLE patients with a normal MRI (patients 1, 2 and 10), FMZ-PET test-re-test focal variations had a more dramatic clinical impact. Indeed, in each of these patients, only one of the two PET studies demonstrated an abnormal pattern that pointed unequivocally to the epileptogenic temporal lobe. In patient 1, the first PET proved normal whereas the second demonstrated an obvious mesial temporal decreased B 0 max ipsilateral to seizure onset (Fig. 2) . In patient 2, one of the two PET scans showed bilateral asymmetric abnormalities (Fig. 4) , whereas unilateral findings were observed on the other. In patient 10, the two PET scans demonstrated opposite mesial temporal asymmetries, which were falsely lateralizing for the first evaluation and correctly pointed to the epileptogenic zone for the second (Fig. 1) .
In the two patients with unlocalized epilepsy (patients 4 and 9), a mesial temporal decreased B 0 max was observed in one of the two PET studies and not in the other. In one of these patients, this PET finding pointed to the side contralateral to that of predominating EEG abnormalities (patient 9).
ROI-assessed quantitative analysis of hippocampal B 0 max variations (see Table 2 )
The mean (6SD) hippocampal asymmetry index of normal individuals was 5.3 6 11.3% for PET 1, and 6.8 6 12.6% for PET 2. As illustrated in Table 2 , seven patients demonstrated a significantly abnormal hippocampal assymetry index on either their first or their second FMZ-PET study.
Large test-re-test variations of the hippocampal B 0 max asymmetry index were observed in the majority of our patients, whose magnitude proved to be significantly higher than in controls. Indeed, the mean test-re-test asymmetry variation index (6SD) was 24 6 13% in patients, whereas it was 6 6 3% in controls (P < 0.0005). As a result of these variations, five patients demonstrated a hippocampal asymmetry which significantly differed from control values in one of their studies, but not in the other. In patients with an obvious unilateral TLE, test-re-test changes in asymmetry index mostly reflected hippocampal B 0 max variations ipsilateral to seizure onset. However, less marked changes could also be observed in the contralateral hippocampus and contributed in some patients to the asymmetry index variation. In patients with unlocalized or bilateral epilepsy, large B 0 max variations affected either the hippocampus ipsilateral or contralateral to the side of predominating EEG abnormalities depending on whether we would consider normalized or non-normalized data for the second PET study.
We did not find any significant scan order effect on the hippocampal B 0 max values. Conversely, we observed a significant seizure-related effect in the epileptogenic hippocampus of TLE patients with lower hippocampal B 0 max values for the PET study associated with the shortest IP, as compared with the other PET. This seizure-related effect was demonstrated using either normalized or nonnormalized data for the second PET study (P < 0.01 and P < 0.005, respectively). This effect was not observed in the contralateral hippocampus.
SPM analysis of seizure-related focal B 0 max variation (Fig. 5) The ANCOVA-designed SPM map demonstrated a cluster of 63 voxels which varied as a function of the IP duration independently of the whole brain mean B 0 max variation (P < 0.01 uncorrected for multiple comparisons at the voxel level). After correcting for multiple comparisons, this focal variation remained significant within the epileptogenic hippocampus (P = 0.001 at the cluster level). In this area, B Test-re-test flumazenil-PET in epilepsyhippocampal BZD receptor B 0 max , which would progressively resolve over time.
Discussion
This test-re-test FMZ-PET study conducted 1 week apart demonstrates that significant seizure-related focal variations of BZD receptor B 0 max frequently occur in patients suffering from drug-resistant partial epilepsy. In the subgroup of patients with MTE, these focal variations predominantly affected the epileptogenic hippocampus, with an inverse relationship between the intensity of the decreased hippocampal B 0 max and the duration of the IP preceding the PET study. In TLE patients whose MRI was normal, as well as in patients with unlocalized or multifocal epilepsies, hippocampal B 0 max variations were likely to result in misleading indications regarding the side of ictal onset.
Several methodological issues must be addressed before discussing the pathophysiological and clinical impacts of our findings. Both the calculation of B 0 max parametric images and the comparison of the two FMZ-PET volumes obtained in each of our patients strongly rely on the quality of the MRI-PET, and PET-PET co-registration. We have used a validated method of co-registration (Woods et al., 1993) , and have carefully evaluated that co-registered images precisely fitted with each other. We also visually verified that the position of the pontine and hippocampal ROIs were equally centred within their corresponding anatomical brain structures, as displayed on MRIs and PET images. Overall, the potential issue of misaligned PET data appears unlikely to play a significant role with respect to the test-re-test B 0 max variations observed in our patients.
Another important issue relates to the evaluation of the IP duration preceding each PET study. Indeed, since we could not obtain reliable IP values for all PET studies, but could ascertain in each patient which of the two PET studies was associated with the shortest IP, we used that latter information as a surrogate marker to look for seizurerelated FMZ-PET changes. In addition, MTE patients might have presented subclinical hippocampal ictal discharges, undetected by scalp-EEG monitoring, which could also interact with FMZ-PET findings. Though these limitations do not invalidate our statistical results, they prohibit a precise temporal analysis of the dynamics of epilepsy-driven BZD receptor changes.
Large whole brain B 0 max variations, exceeding 10%, were observed in three of our 10 patients and two of our 10 normal subjects, reaching 29% in one patient. We did not find any satisfactory explanation for these variations. A scan order effect might have occurred, through changes in the level of anxiety or state of wakefulness between the two scans, but this hypothesis was not supported by our statistical analysis. In patients, the role of anti-epileptic drugs also appeared unlikely, since a stable regimen was maintained between the two PET studies, and none of the prescribed medications directly interfere with the BZD-GABAergic system. A seizure-related effect was also ruled out, based on the analysis performed in this study which only considered which of the two FMZ-PET scans was associated with the shortest and the longest IP, respectively. However, we cannot exclude that part of the whole brain B 0 max test-re-test variations might be related to other seizure-related factors, such as the exact delay between the PET study and the last previously occurring seizure, or the type and duration of that seizure. Uncertainties regarding these latter parameters, together with the small number of patients included in our study, precluded the feasibility of a multivariate analysis that would take into account all potentially relevant factors.
Random variations, related to the intrinsic limitations of the methods used in our protocol, might also contribute to the test-re-test whole-brain B (Delforge et al., 1997) . To date, only the distribution volume and the transport rate of [ 11 C]FMZ have been studied twice at rest in the same normal individuals (Holthoff et al., 1991) , with an interscan delay of only 120 min. The mean test-re-test change in global cortex [ 11 C]FMZ distribution volume was À6.4% in this study, a difference which was not significant. Interestingly, these results are consistent with our own data in epileptic patients, where the mean test-re-test whole brain B 0 max variation index was À3%, with no significant scan order effect. It is therefore possible that the whole brain B 0 max changes observed in our patients only reflect physiological fluctuations and the degree of FMZ-PET measurement errors, using the quantification method used in this study. Whatever the causes of the whole brain B 0 max variations, these did not have a significant clinical impact.
Conversely, test-re-test variations in focal B 0 max and mesial temporal asymmetry index were clinically relevant in our patients. Importantly, both the calculation of asymmetry index and the visual analysis of PET data are insensitive to whole brain B were of various degrees of significance, depending on the type of epilepsy.
In the three patients with an MTE and hippocampal sclerosis on MRI, the two PET studies showed a clearcut mesial temporal decreased B 0 max ipsilateral to seizure onset, though in one patient a transient abnormality was observed in the hippocampus proper. Less marked transient abnormalities were also observed in distant ipsilateral regions, such as the anterior lateral temporal, the temporo-occipital and the posterior parietal cortex. These regions might represent areas of seizure propagation, and previous series have pointed to the possibility of a transient decreased FMZ binding in projection areas of the epileptogenic zone (Savic et al., 1998) . Specifically, frontal FMZ-PET abnormalities, which were observed in TLE patients preoperatively, proved to resolve after a successful anterior temporal lobectomy (Savic et al., 1998) . The same authors also found that TLE patients with extra-temporal decreased FMZ binding had more frequent seizures than those without, supporting the view that these extra-temporal findings represent a seizure-related functional change of the BZD receptor system (Savic et al., 1996) . We, and others, have also demonstrated the possibility of temporo-polar, lateral temporal and extra-temporal decreased FMZ binding in patients with TLE (Ryvlin et al., 1998; Hammers et al., 2001; Bouilleret et al., 2002) , which might be indicative of an epileptogenic zone extending outside the mesial temporal structures (Ryvlin et al., 1998) . The fact that such abnormalities transiently occur in our patients with pure MTE clearly questions the clinical value of these FMZ-PET findings. Regarding the mesial temporal B 0 max asymmetry, which was consistently demonstrated by visual and ROI analyses in this population, we observed that the intensity of this asymmetry varied greatly between the two PET evaluations in some patients. This type of variation also questions the relationship previously reported between the degree of decreased FMZ binding and that of the histologically assessed neuronal loss within epileptogenic hippocampi (Koepp et al., 1997) . Based on our findings, it seems reasonable to consider that hippocampal cell loss only represents one of the factors contributing to the FMZ-PET abnormalities observed in patients with TLE and MRI signs of hippocampal sclerosis.
In all three TLE patients with a normal MRI, the two PET studies showed strikingly different patterns, and these variations had a significant clinical impact. In patient 1 with a right TLE, the first PET was normal whereas the second showed a clear-cut right mesial temporal abnormality. In patient 2 with a left TLE, the second PET demonstrated an ipsilateral mesial temporal decreased B PET showed bilateral asymmetric temporo-limbic abnormalities which could not help in lateralizing the seizure focus. In the third patient, the two PET studies showed a mesial temporal asymmetry of opposite direction. In all three cases, the PET study which provided the most pertinent information was that associated with the shortest IP duration, ranging from 4 to 5 days. FMZ-PET has been recognized as poorly sensitive, and potentially misleading in TLE patients with a normal MRI (Ryvlin et al., 1998 (Ryvlin et al., , 1999 Koepp et al., 2000) . We have also previously reported striking mesial temporal asymmetry variations over a period of 3 months in two other TLE patients with no hippocampal sclerosis (Ryvlin et al., 1999) . The present study confirms these findings, and suggests that the FMZ-PET abnormalities observed in such patients are primarily functional and transient. It also provides evidence for performing FMZ-PET early after a seizure in order to obtain reliable data in this clinical situation. However, avalaible data from this and other series do not provide a clear indication as to the range of IP duration which could be at risk of resulting in misleading FMZ-PET findings.
In the three patients with unlocalized or bilateral epilepsy, it remains difficult to conclude on the reliability of FMZ-PET abnormalities. However, since these patients did not show any hippocampal abnormality on MRI, it was interesting to note that two of them demonstrated a mesial temporal asymmetry that was observed in only one of their two PET studies.
The mechanisms underlying the short-term unilateral changes of mesial temporal B 0 max observed in our epileptic patients can hardly be explained by physiological fluctuations. As for the whole brain B 0 max , we have searched for a scan order effect, which could be mediated by the varying degree of anxiety during the two PET studies, and failed to demonstrate such an effect. Conversely, in the homogeneous group of TLE patients, we found a significant seizure-related effect, with greater mesial temporal asymmetries for PET studies associated with the shortest IP duration. This effect was demonstrated using a non-parametric comparison of the ROI-derived hippocampal asymmetry index, as well as an SPM analysis centred over the epileptogenic hippocampus. This latter analysis showed a seizure-related effect, independent of the whole brain B 0 max changes, suggesting that the closer the PET study to the last previously occurring seizure, the lower the BZD receptor B 0 max in that region. Despite the very small number of scans included in this study, this effect
T value
Cluster parameters:
• Maximum t max (-28,-30,-10 ) = 4,97 P uncorrected < 0.0001
Cluster P corrected (t max ,k) = 0,001 Fig. 5 Statistical parametric maps overlaid on a normal subject T1-weighted MRI showing a cluster of hippocampal voxels which varied as a function of the IP duration independently of the whole brain mean B 0 max variation. All voxels exceeding a Z score of 2.3, including those located outside the hippocampal mask, are displayed on these maps, but only those included in the mask were corrected further for multiple comparisons, and considered in the final results. P values with and without correction for multiple comparisons, as well as the coordinates of the voxel associated with the maximum t value, are shown. Altogether, these results suggest that the shorter the IP duration preceding the PET study, the lower the B 0 max in the epileptogenic hippocampus.
Test-re-test flumazenil-PET in epilepsyreached significance after applying a correction for multiple comparisons. It was limited in size, however, a finding which is likely to reflect the heterogeneous spatial distribution of the hippocampal involvement among our six TLE patients.
The seizure-related hippocampal B 0 max fluctuations observed in TLE patients reinforces the view that the visually detected mesial temporal changes observed in our patients cannot be explained solely by physiological fluctuations of BZD receptors, or by the technical limitations of our PET studies. At the present time, there are no other data in human epilepsy regarding the short-term plasticity of BZD receptors as studied with FMZ-PET. In amygdala kindled rats, a 22-31% increase of BZD receptor density was demonstrated in the dentate gyrus 24 h after a stage 5 seizure (Mc Namara et al., 1980; Valdes et al., 1982; Shin et al., 1985; Nobrega et al., 1989 ), but not 2 or 4 weeks later (Shin et al., 1985; Nobrega et al., 1989; Schmitz et al., 1991; Rocha et al., 1994) . A more prolonged increase of flunitrazepam binding was reported in the kaïnate model of epilepsy (Rocha et al., 1999) . Conversely, a downregulation of BZD receptors was evidenced in kindled rabbits with no detectable underlying hippocampal neuronal loss, 2 weeks after the last seizure (Kurokawa et al., 1994) . In our patients, the short-term BZD receptor changes observed in the epileptogenic hippocampus clearly pointed to a transient decreased expression or availability of these receptors during the days following a seizure. With respect to these observations, several important differences between human and animal studies must be stressed. Our patients suffered from longstanding drugresistant TLE, in contrast to the short lasting epileptic condition obtained in the various animal models that have been studied. The in vitro quantification of BZD receptor density in animal studies, using autoradiography, does not distinguish functional receptors located on the outer surface of the plasmic membrane from internalized receptors, and cannot provide information regarding the receptor occupation by its endogeneous ligand. Conversely, in vivo PET studies, using [ 11 C]FMZ, will only label externalized BZD receptors, and might potentially reflect the degree of receptor occupancy by an endogeneous ligand (Delforge et al., 2001) , raising the issue that variations in that ligand concentration might partly account for the test-re-test FMZ-PET focal changes observed in our patients. Though this issue remains highly speculative according to our current knowledge of the endogeneous BZD neurotransmission system (Costa et al., 1991; Do-Rego et al., 2001) , it relates to recent advances in the molecular genetics of generalized epilepsy with febrile seizures plus (GEFS+) indicating that a loss of function of the BZD receptor system, due to a mutation in the GABARG2 gene coding for the g2 subunit of the GABA A receptor, can provoke an epileptic disorder (Wallace et al., 2001) .
In conclusion, the demonstration of a seizure-related shortterm plasticity of the BZD receptor system in human partial epilepsy opens new avenues in the fields of epilepsy research and neuroscience, suggesting that the regulatory mechanisms of this neurotransmitter system can be studied in humans with FMZ-PET. Our results also indicate that the degree of FMZ binding might not be a reliable marker of neuronal density, at least in epileptic patients. Finally, our findings in TLE patients with a normal MRI suggest that FMZ-PET should be performed within a few days following a seizure, in order to optimize the sensitivity and the specificity of this presurgical investigation.
